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ntratumoral hemorrhage occurs most frequently in pituitary adenoma among all types of brain tumors. 1 Pituitary apoplexy (or classic pituitary apoplexy) is characterized by acute clinical syndrome (sudden onset of headache, vomiting, visual disturbance, ophthalmoplegia, and altered consciousness) and has been detected in 2% to 14% of patients who underwent surgery for pituitary macroadenomas. [2] [3] [4] [5] [6] Also, clinically silent pituitary hemorrhage (or subclinical pituitary apoplexy) has been frequently detected in many clinical series, so the real incidence of intratumoral hemorrhage in pituitary adenoma may be higher. 7 Subclinical intratumoral ischemia or hemorrhagic infarction may be common in pituitary adenoma and may result in cyst formation or hematoma, or both. 2, [6] [7] [8] [9] [10] Conventional MR imaging and surgical findings suggest that approximately 50% of pituitary adenomas contain cysts or hematomas, or both. 10 Such intratumoral vasogenic events may be important in the progression of pituitary macroadenomas. Exact evaluation of intratumoral hemorrhage may also be important in surgical indication and planning. 2, 5, 6, 8, 9 The most sensitive neuroimaging technique for the detection of blood is T2*-weighted gradient-echo (GE) MR imaging, which is widely applied for the evaluation of intracerebral hemorrhage in both the acute and chronic stages.
11-16 T2*-weighted GE MR imaging shows a hemorrhage as marked low signal intensity, because the differences in the magnetic susceptibility resulting from the presence of blood or paramagnetic blood products create local magnetic field inhomogeneities. 11, 12 T2*-weighted GE MR imaging can sensitively detect the paramagnetic effects of deoxyhemoglobin and methemoglobin in hyperacute intracerebral hemorrhage. 11, 12, [14] [15] [16] [17] Postmortem analysis of patients with intracerebral hemorrhage has proved that focal low signal intensity detected by T2*-weighted GE MR imaging is indicative of past microbleeding, and that areas of low signal intensity indicate hemosiderin deposits.
13 T2*-weighted GE MR imaging is also widely used for the detection of diffuse axonal injury after severe head trauma with diffusion-weighted images.
17 T2*-weighted GE MR imaging has not been used for the evaluation of hemorrhagic events in patients with pituitary adenoma. Our study evaluated T2*-weighted GE MR imaging for the detection of intratumoral hemorrhage in patients with pituitary macroadenomas.
Materials and Methods

Patients
This prospective study included only patients with surgically proved presence of macroadenoma. Several preliminary studies found that characterization of micro-and intrasellar adenoma by T2*-weighted GE MR imaging was inconclusive, and frequently impossible because of skull base artifacts (data not shown). A total of 36 patients with pituitary macroadenoma were treated surgically in our institution between October 2002 and June 2006, and preoperative MR examinations were performed in all patients.
The trans-sphenoidal approach is the most common surgical technique even for large or giant adenomas; however, adenomas with extensive suprasellar or lateral extensions cannot be totally removed by a single trans-sphenoidal approach. 18 Gross total or subtotal removal was achieved in 27 of the 36 cases of macroadenoma based on postoperative MR imaging. 19 Partial removal was achieved in 9 cases, which were excluded because of the large discrepancy in the area of evaluation of the tumor between the imaging and surgical or histologic studies. Furthermore, we excluded 2 cases of recurrent pituitary adenoma to eliminate the artificial change caused by previous surgery. Therefore, 25 consecutive patients (10 men and 15 women) initially treated for macroadenoma were included in this study. The age range of the patients was 29 to 75 years (mean Ϯ SD, 52.2 Ϯ 12.3 years). The heights of the macroadenoma ranged from 17 to 53 mm (mean Ϯ SD, 27.3 Ϯ 8.7 mm) as measured by preoperative MR imaging, including T2*-weighted GE imaging.
Histologic and immunohistochemical examination showed that 21 patients had primary nonfunctioning pituitary adenoma (absence of hormonal hypersecretion), including 1 with clinical (classic) pituitary apoplexy, 2 with growth hormone-producing adenoma, 2 with prolactin-producing adenoma, and 1 with adrenocorticotropic hormone-producing adenoma. Thirteen patients had headache associated with pituitary adenoma, including 6 with head heaviness, 4 with past episodes of severe headache (including the patient with clinical pituitary apoplexy), 2 with continuous dull pain, and 1 patient with intermittent dull pain. For analysis, we divided the patients into those with or without various headaches. 20, 21 (Fig 1) before transfer to our hospital for emergent surgery. MR imaging with contrast material was also performed in all patients, except for 1 patient, who had an allergy to contrast material. Coronal T2*-weighted GE MR imaging of the pituitary adenoma was obtained in all patients (TR, 500-1000 ms; TE, 15-26 ms; flip angle, 20°; section thickness, 3-5 mm; intersection gap, 0 -2 mm; matrix, 193-256 ϫ 160 -320; and FOV, 16 -22 ϫ 16 -22 cm). We also performed 3D time-of-flight MR angiograms in all patients to evaluate vascular abnormality of the internal or anterior cerebral arteries.
Radiologic Assessments
Three independent observers reviewed the conventional T1-and T2-weighted FSE images and T2*-weighted GE images, and assessed the presence of various patterns of intensity suggestive of intratumoral hemorrhage.
The nonenhanced cystic regions were regarded as an intratumoral cyst or hematoma, and the solid regions were identified on gadolinium-enhanced images. Signal intensity on the T2-weighted FSE and T2*-weighted GE images was defined as low if equal to or lower than the signal intensity of white matter, isointense if higher than that of white matter and lower than that of gray matter, and high if equal to or higher than that of gray matter. Low signal intensity was also described as "dark" on these sequences. Signal intensity on the T1-weighted FSE images was defined as low if equal to or lower than the signal intensity of gray matter, isointense if higher than that of gray matter and lower than that of white matter, and high if equal to or higher than that of white matter.
Regional or special findings of low signal intensity on T2-weighted FSE and T2*-weighted GE images were classified as a "dark mass" with a diameter of more than 5 mm and a "dark spot" with a diameter of less than 5 mm, as illustrated in Figs 1B and C (the 5-mm boundary was based on the criteria for microbleeds in the brain on T2*-weighted GE images 22 ). Intratumoral low signal intensity surrounding intratumoral cysts or hematomas on T2-weighted FSE and T2*-weighted GE images was classified as "dark rim" as illustrated in Figs 2B, 3B, and 2C and 3C, respectively. Diffusely observed (scattered) intratumoral dark spots on T2*-weighted GE images were classified as "diffuse dark" as illustrated in Fig 4C. Each neuroradiologist or neurosurgeon made initial evaluations independently, and consensus among them resolved any disagreements regarding final conclusions. Intratumoral hemorrhagic lesions were identified when there were high signal intensity intratumoral lesions on T1-weighted FSE images, and low or dark signal intensity lesions on T2-weighted FSE images and/or on T2*-weighted GE images (dark mass, rim, spots, or diffuse dark). 4, 9, 23 Skull base artifacts should be eliminated carefully on T2*-weighted GE images. 12 Skull base artifacts were frequently seen in the most anterior section during coronal sections of the adenoma, and these sections were frequently excluded from assessments. Inferior small portions near the sella of the adenomas were frequently impossible to assess because of skull base artifacts (Fig 4) . All MR angiograms were assessed to eliminate vascular abnormalities surrounding and inside of macroadenomas as potential causes of dark elements (flow voids) on T2*-weighted GE MR imaging.
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Surgical and Histologic Assessments
All patients underwent trans-sphenoidal resection of the tumors, which was performed by 1 neurosurgeon. All adenomas that were removed in the series were soft, friable, and removable through suction and were resected piece by piece with use of a curette, as in the common procedure for removal of pituitary adenomas. Intraoperative findings relating to intratumoral hemorrhage were classified as cysts including xanthochromic fluid, liquefied hematoma (reddish or brownish fluid), and coagulation (coagulated hematoma, or tumor tissue marbled small coagulated hematomas). 9 Whole resected materials were submitted for histologic assessments.
One neuropathologist specializing in interpretation of brain and pituitary tumors performed the histologic assessment of the hemorrhage in the whole surgical specimens, independent of the other participants and completely unaware of the clinical and neuroradiologic information. Intratumoral hemorrhage, calcification, necrosis, melanins, and iron deposits as potential dark elements on T2*-weighted GE images were assessed systematically with hematoxylin-eosin (H&E) staining. 12 Intratumoral hemorrhage was evaluated with H&E and was classified as follows: ϩϩ, significantly present; ϩ, clearly present; Ϯ, slightly observed; and -, not observed. A positive hemorrhagic finding was determined as "ϩϩ" or "ϩ," and a negative hemorrhagic finding was determined as "Ϯ" or "Ϫ." Intratumoral calcifications and melanins were assessed systematically. 12 Histologic deposition of iron was assessed with use of a Prussian blue stain in all adenomatous specimens and was classified as "present (positive)" or "not observed (negative)" for statistical analysis.
Statistical Analysis
We used the Fisher exact probability test to determine whether the presence of intratumoral dark lesions on T2*-weighted GE MR images correlated with the clinical, surgical, or histologic findings, and the findings of other MR images related to intratumoral hemorrhage. A value of P Ͻ .05 was considered statistically significant.
Results
Fifteen of the 25 (60%) patients had a pituitary macroadenoma containing nonenhanced intratumoral portions (cyst or hematoma) with a diameter of more than 5 mm, and 10 patients had a solid tumor. Intratumoral high signal intensity on T1-weighted FSE images, indicating hemorrhage, was found in 8 (32%) patients. 23 An intratumoral dark mass or cyst with a dark rim on T2-weighted FSE images, which indicated hematoma or hemorrhagic cyst, respectively, was found in 9 (36%) patients. T2*-weighted GE MR imaging showed the solid portion of pituitary ade- noma as mainly isointense and the cystic portion as mainly high signal intensity. T2*-weighted GE MR imaging detected various types of dark lesions, which indicated new or old intratumoral bleeding, in 12 (48%) patients. The dark lesions were classified as a rim in 9 patients, a mass in 3 patients, a spot in 5 patients, diffuse in 2 patients, and a combination of a rim and others in 5 patients. No vascular abnormality surrounding and inside the tumor was observed on MR angiograms in all patients. 24 Intraoperative findings relating to intratumoral hemorrhage were observed in 10 of the 25 patients: cysts including xanthochromic fluid in 3, liquefied hematoma (reddish or brownish fluid) in 4, and coagulation (coagulated hematoma, or tumor tissue marbled small coagulated hematomas) in 3 patients. Histologic evidence of intratumoral hemorrhage was clearly observed in 16 patients: 2 patients with significantly present (ϩϩ) and 14 with clearly present (ϩ) hemorrhage. Intratumoral calcifications and melanins were not observed in all specimens. Intratumoral necrosis was observed only in the case of a patient with clinical pituitary apoplexy. Intratumoral iron deposits were observed in 12 of the 25 adenomas.
The presence of intratumoral regional dark lesions (mass, rim, or spots, or all; or diffuse) on T2*-weighted GE MR imaging did not correlate with a preoperative headache and intratumoral areas unenhanced by gadolinium, but it correlated significantly with the presence of positive hemorrhagic findings on T1-and T2-weighted FSE MR imaging (P Ͻ .02 and Ͻ.01, respectively) and the presence of various intraoperative and histologic hemorrhagic findings (P Ͻ .001 and Ͻ.001, respectively) (Table) . The presence of positive iron findings did not correlate with positive findings on T2*-weighted GE MR imaging or T2-weighted FSE sequence.
Discussion
Our study detected intratumoral hemorrhage in pituitary macroadenomas by T2*-weighted GE MR imaging as various types of intratumoral dark lesions (rim, mass, spots, diffuse, and combinations), which indicated new or old intratumoral bleeding in 12 of the 25 patients. The presence of intratumoral dark lesions on T2*-weighted GE MR imaging correlated significantly with the presence of hemorrhagic findings on T1-and T2-weighted MR imaging, and intraoperative and histologic examinations.
GE MR imaging can depict acute and chronic hemorrhage not seen with conventional SE techniques at low and midfield strengths and is clearly the most sensitive currently available technique for the detection of intracerebral hemorrhage. 11, 12, 16 We could detect intratumoral dark lesions indicating clinical and clinically silent hemorrhage in pituitary adenoma more frequently on T2*-weighted GE MR images than on conventional T1-and T2-weighted FSE MR images. However, GE MR imaging for the clinical detection of hemorrhage has several essential limitations.
Hypointensity on T2*-weighted GE MR imaging is not specific for hemorrhage and may be caused by calcification, or melanin or iron deposits. 11, 12 In our study, we systematically excluded the presence of calcification and melanin as potential dark elements on T2*-weighted GE images with histologic assessment of whole surgical materials. Melanin pigmentation of pituitary adenomas was not observed in our series and, to the best of our knowledge, has never been reported.
The incidence of calcifications within pituitary adenomas is about 1.72% on radiologic evaluation and 6.75% on histologic evaluation. Prolactin-producing adenoma, for which the surgical indications are limited, is the most common type in patients with calcified pituitary adenoma. 25, 26 Systematic examination revealed no histologic calcification in our series. Although very rare, intratumoral calcification may not be excluded on the basis of preoperative findings on T2*-weighted GE MR images. This limitation should be compensated by CT, especially in patients with high levels of serum prolactin.
Hypointensity on T2*-weighted GE images may also be caused by intratumoral iron deposits. No significant correlation was found between the presence of histologic iron deposits and positive findings on T2*-weighted GE images. The iron deposits in adenomas were also not related to hypointensity on T2-weighted SE images. 27 Iron deposits may not be a major cause of hypointensity on T2*-weighted GE images. Intrasellar flow voids as a result of aneurysms or vascular malformation are another possible cause of dark elements on T2*-weighted GE images but were excluded by 3D time-of-flight MR angiograms in our study. Intrasellar vascular abnormalities associated with pituitary macroadenoma may be extremely rare. 24 Intraparenchymal large hematomas appear as several different patterns regardless of the age of the hematoma. The most common appearance of a "dark rim," "low signal intensity rim," or "peripheral signal intensity loss" can be explained as the "boundary effect," based on differences in magnetic susceptibility at the border of tissues and by the deoxygenation of blood occurring in the interdigitation of blood and tissue at the periphery of the lesion. 16 The presence of perilesional hemosiderin in chronic hematoma causes the "rim" appearance on T2*-weighted GE MR images. Our study found that a "dark rim" was the most common appearance of intratumoral hemorrhage in pituitary macroadenoma.
Pituitary adenomas frequently (about 50%) include cystic or hematoma formation, or both. 10 In our study, 16 of the 25 macroadenomas had cysts or hematomas, or both. Nonenhanced areas appearing as high signal intensity on T1-weighted FSE imaging may indicate subacute or early chronic phase intratumoral hemorrhage. 9, 23 In our study, all cases with a high signal intensity cavity on T1-weighted FSE imaging certainly also had a "dark rim (or mass)" on T2*-weighted GE MR imaging (Fig 2) . However, cases with a nonenhanced cystic cavity appearing as low signal intensity to isointensity on T1-weighted FSE imaging sometimes had a "dark rim" on T2*-weighted GE MR imaging (Fig 3) . A cystic cavity also with these patterns of intensity may indicate an old or weakly hemorrhagic cystic cavity. Even with GE MR imaging, hemosiderin, especially small and scattered deposits, may become progressively less visible with time. 28 Intratumoral cysts with a "dark rim" on T2*-weighted GE MR imaging might indicate an acute or old hemorrhagic cyst, but even without a dark rim on T2*-weighted GE MR imaging, the cyst cannot be conclusively identified as nonhemorrhagic. 28 Our study identified the "diffuse dark" characteristic of pituitary adenoma on T2*-weighted GE MR imaging, which was not detected by conventional T1-and T2-weighted FSE imaging. The solid portion of the tumor contained an extensive and diffuse dark area on T2*-weighted GE MR imaging. There were 2 of 25 pituitary adenomas that had a diffuse, dark macroadenoma on T2*-weighted GE MR imaging. The diffuse, dark part of the adenoma was dark and radish, and it mixed with small coagulated hematomas on intraoperative findings. Histologic examination found positive hemorrhagic findings in these 2 macroadenomas (Fig 4) . These patients had a nonfunctioning pituitary adenoma without a history of headache or recurrent headache. This type of highly and diffusely hemorrhagic adenoma may represent a category of silent pituitary apoplexy, which can only be detected on T2*-weighted GE MR imaging.
"Diffuse hemorrhage throughout the adenoma" has already been proposed as a type of silent pituitary apoplexy, observed as diffuse increased signal intensity throughout the most solid part of the adenoma on T1-weighted SE images. 29 Our adenomas with the "diffuse dark" appearance on T2*-weighted GE MR imaging had no diffuse increased signal intensity on T1-weighted FSE imaging and may indicate the past silent, "diffuse-type" pituitary apoplexy. These adenomas were soft but slightly resistant to suction (intermediate consistency) at surgery. 30 Further study of larger series is required to elucidate the pathophysiology and clinical significance of a "diffuse dark" macroadenoma detected only on T2*-weighted GE MR imaging.
Classical pituitary apoplexy is a clinical syndrome characterized by sudden onset of headache, vomiting, visual impairment, diplopia, disturbance of consciousness, and autonomic or hormonal dysfunction. 2, 6 From a clinical standpoint, the diagnosis of pituitary apoplexy may be difficult to establish in the acute stage, so it is usually decided retrospectively, but strict medical management and surgical decompression for endocrinologic and neurologic problems are usually required. 2, 6 Pituitary apoplexy is caused by acute hemorrhagic or ischemic infarction of the pituitary gland in patients harboring pituitary adenomas. 2, 4, 6 Early in the course of pituitary apoplexy, MR imaging depicts a mass lesion as heterogeneous signal intensity with predominant hyperintensity on T1-weighted MR images and predominant hypointensity on T2-weighted images. 4, 23 In our series, 1 patient presented with classic pituitary apoplexy (Fig 1) , in which the T1-and T2-weighted MR images were similar to the previously reported rare image of the early phase of pituitary apoplexy.
24 T2*-weighted GE MR imaging could clearly detect the intratumoral hemorrhage as a "dark lesion (mass)," which may reflect the distribution of paramagnetic deoxyhemoglobin in the acute phase of hemorrhage. This "dark mass" had very high contrast with the surrounding structures. The cases of subacute apoplexy had a clear dark rim (Fig 2) .
3 T2*-weighted GE MR imaging shows a high potential for the neuroimaging diagnosis of pituitary apoplexy.
Accurate assessment of intratumoral hemorrhage in pituitary macroadenoma has increased in importance. Patients with pituitary macroadenomas can sometimes be followed up by MR imaging because of a relatively benign prognosis. 31, 32 Recurrent hemorrhage could cause tumoral enlargement and aggravate the patient's symptoms, so such patients should be followed carefully. 9 The presence of a hemorrhagic cavity often facilitates removal of a macroadenoma, and such information may be useful for surgical planning. 2 This more sensitive method of neuroimaging detection of an intratumoral hemorrhage may influence the decision making in various clinical and intraoperative conditions of patients with pituitary macroadenoma. 30, 32 The interface between regions with different magnetic susceptibility is markedly hypointense on T2*-weighted GE images.
11,12 Therefore, marked hypointensity near the sphenoid sinus air or pituitary adenomatous interface because of diamagnetic susceptibility gradients can obscure the inferior portions of the pituitary adenoma. Several preliminary studies found that characterization of micro-and intrasellar adenoma by T2*-weighted GE MR imaging was inconclusive and frequently impossible because of skull base artifacts. Therefore, this prospective study included only patients with pituitary macroadenoma, including pituitary apoplexy. Most cases of intratumoral cyst or hemorrhage are predominantly found in patients with macroadenoma with suprasellar extension. Although the T2*-weighted GE sequence has several limitations, most clinical requirements for MR observation of intratumoral hemorrhage in patients with pituitary macroadenomas can be satisfied. T2*-weighted GE MR imaging is better than other conventional sequences for the detection of hemorrhage, but, in our study, we found only 12 (75%) of 16 histologically proved intratumoral hemorrhages using a 1.5T unit. Several variations of MR imaging techniques and MR units with higher field strengths than 1.5T might increase the sensitivity for the detection of intratumoral hemorrhage in patients with pituitary macroadenomas. Further investigation is required.
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Conclusion T2*-weighted GE MR imaging could detect an intratumoral hemorrhage in patients with pituitary macroadenomas as various "dark" appearances, such as "rim," "mass," "spot," and "diffuse." This technique can clearly detect clinical (classic) and subclinical apoplexy, identify cryptic and diffuse hemorrhage, and evaluate cysts from an old hemorrhage. T2*-weighted GE MR imaging may be useful for the assessment of recent and old intratumoral hemorrhagic events in patients with pituitary macroadenomas.
